This study presents, for impinging droplets and sprays, a model of the Leidenfrost point (LFP);
Introduction
Material processing leaders are under constant pressure to improve the material and performance characteristics of products, while at the same time, increase the efficiency of the processing techniques by reducing energy consumption, scrap material, and manufacturing time. For example, the needs for stronger, lighter, and cheaper materials in the automobile, railroad, and aerospace industries, have driven improvements in the processing of aluminum alloys. In particular, advances in heat treatment and forming operations have led to alloys with improved strength-to-weight ratios and enhanced corrosion resistance properties. However, lack of understanding scientific principles in several areas still leads to inefficient manufacturing cycles with large numbers of scrap parts and long production periods. One of the least understood areas of materials processing involves quenching, or the rapid cooling of a part, such as that which occurs following an extrusion, casting, forging, or heat treating operation. When done correctly, quenching can result in high performance parts. However, when performed incorrectly, quenching can result in parts with poor or nonuniform material properties, high residual stresses, and severe distortion.
One common method of quenching involves immersing the heated part in a deluge of water sprays. The spray quenching method is often preferred over bath immersion quenching, as the former can produce much higher heat transfer rates and more uniform or controlled temperature fields within the part. Figure 1 shows a typical temperature-time history of a part during a spray quench. The quench curve is divided into four distinct regimes, each possessing particular heat transfer characteristics. In the high temperature, or film boiling regime, the quench proceeds rather slowly as liquid-solid contact is minimized by the rapid formation of an insulating vapor blanket at the droplet-solid interface. In this regime, the droplets appear to shatter and bounce off of the solid surface upon contact. The lower temperature boundary of this regime is referred to as the Leidenfrost point ͑LFP͒. As surface temperatures drop below the LFP, a transition boiling regime is encountered, where partial and prolonged liquid-solid contact occurs and the cooling rates increase. Further cooling brings about the nucleate boiling regime, where complete wetting of the surface occurs and the heat transfer rates are the highest as vigorous vapor generation occurs as the droplets spread out on the solid surface. At the bottom end of the nucleate boiling regime, boiling ceases and the single-phase heat transfer regime is encountered, where heat transfer is dominated by single-phase convection.
As discussed in ͓1͔, during the quench phase of a heat treatment operation involving aluminum alloys, most of the material transformations occur at temperatures above the LFP, while warping and distortion, caused by thermal stresses generated by large cooling rates, take place at temperatures below the LFP. Consequently, accurate knowledge of the Leidenfrost temperature and the parameters that govern its behavior is paramount to controlling the quenching process and subsequent material properties.
In a previous investigation by the authors ͓2͔, an extensive experimental sessile droplet LFP database was developed and used to assess several existing LFP models. These assessments indicated that the previously developed LFP models were lacking in their ability to accurately and consistently predict the LFP for a variety of fluid and surface conditions. From that experimental study ͓2͔, Bernardin and Mudawar ͓3͔ developed a new LFP model for sessile droplets, based on surface cavity characterization as well as bubble nucleation, growth, and interaction criteria. The premise for that model was that as the Leidenfrost temperature is approached from the boiling incipience temperature, smaller and more numerous surface cavities become activated, and the growth rate of these bubbles increases appreciably. For liquid-solid interface temperatures at and above the LFP, a sufficient number of cavities are activated and the bubble growth rates are large enough that liquid in immediate vicinity of the surface is nearly instantaneously converted to vapor upon contact. These two features enable a continuous insulating vapor layer to form between the liquid and the solid.
The focus of the study reported here was to take the existing sessile drop LFP model ͓3͔ and extend its application to impinging drops and sprays. The main features of the previous sessile drop LFP model, as well as the additional concepts needed to extend the model to impinging drops, will be presented below.
Leidenfrost Point Model Development
The methodology used to construct the LFP model is based on two aspects concerning bubble nucleation and its relationship to surface temperature and cavity shape and distribution. First, raising surface superheat beyond the boiling incipience temperature results in the activation of both larger and smaller surface cavities and an increase in the bubble growth rates. Secondly, for a typical polished surface, there is an exponential increase in the number of surface cavities with decreasing cavity mouth radius ͓4,5͔.
In the previous study by Bernardin and Mudawar ͓3͔, the authors postulated that at some large liquid-solid interface temperature corresponding to the LFP, a sufficient number of cavities would activate to produce enough vapor to completely separate the liquid from the solid, and hence, induce film boiling. Discussed below are the various sub-models used to support the overall LFP model for impinging droplets. In the next section, a solution procedure based upon these sub-models is outlined.
Bubble Nucleation. The first part of the LFP model involves the criteria for bubble nucleation from surface cavities as a liquid comes into contact with a solid surface. The minimum condition necessary for bubble nucleation is met when the available superheat, T ash , in the liquid at a distance y from the solid surface, is equal to the required nucleation superheat, T rsh , for a hemispherical bubble whose radius, r, is equal to y. This condition, as it applies to the transient condition when a liquid contacts a surface, is represented by
where t is the time following liquid-solid contact and T i is the liquid-solid interface temperature defined by
where T s and T f are, respectively, the surface and liquid temperatures prior to the contact. More details concerning this sub-model development can be found in ͓3͔.
Cavity Size Distribution. The second sub-model involves the surface cavity size distribution. Surface cavities and other defects, typically on the order of 1 to 10 m, have long been known to be highly influential in controlling nucleate boiling by serving as nucleation sites.
In a previous study by the authors ͓3͔, scanning electron microscopy ͑SEM͒ was utilized to characterize the surface cavity distributions of macroscopically polished surfaces from which empirical Leidenfrost temperature measurements were made. From inspection of various SEM images at different magnifications, it was apparent that the number of cavities per unit area, n, having an equivalent mouth radius between r and rϩ⌬r, could be fit by the exponential function
Using the scanning electron microscopy images of the various surfaces from that study, the following curve fits were obtained over a cavity size range of 0.07 to 1.0 m
where the units for n and r are sites-m
Ϫ2
-m Ϫ1 and m, respectively. The curve fits had acceptable least square residuals greater than 0.9.
The cumulative number of surface cavities in the radius interval r min рrрr max , is then obtained through integration,
Bubble Growth. The third sub-model is related to the bubble growth that occurs from activated cavities. Due to the relatively high superheat and short duration over which vapor is created in the film boiling regime, it is believed the rapid bubble growth is initially dominated by inertia rather than heat diffusion. For this condition, bubble growth is described by the Rayleigh equation ͑neglecting viscous effects͒ which can be derived from the momentum equation for incompressible and irrotational flow ͓6͔, or from energy conservation principles ͓7͔, incorporating the pressure drop across a spherical interface, 2/R.
where Ṙ and R are, respectively, the first and second derivatives of bubble radius with respect to time, and P ϱ is the liquid pressure far from the bubble interface. In solving the Rayleigh equation, the following intermediate substitutions were performed:
and
where ⌬ Pϭ( P g Ϫ P ϱ ). Substituting Eqs. ͑7͒ and ͑8͒ into Eq. ͑6͒ and performing the integration leads to the following integral: 
which can be solved by numerical techniques ͓3,8͔. This model development assumed that the bubbles have a hemispherical shape and that the effect of viscosity could be neglected. Previous empirical studies ͓9-11͔ revealed that nucleating bubbles were generally hemispherical or near-spherical in shape. Furthermore, Johnson et al. ͓11͔ and Carey ͓12͔ both indicated that for rapid bubble growth, like that experienced near the Leidenfrost point, the inertial forces dominate and the bubbles have a hemispherical shape. Finally, previous analytical bubble growth models ͓7,10,13,14͔ that employed spherical bubble shapes and neglected the effect of viscosity, proved to be very accurate when compared to empirical bubble growth rate measurements.
Interaction of the Thermal Boundary Layer and the Growing Bubbles. The growth rate of a bubble, as predicted by the numerical solution to the Rayleigh equation, is several orders of magnitude faster than that of the thermal boundary layer ͑right-hand side of Eq. ͑1͒͒. Therefore, it is assumed the early stage of bubble growth is described by the solution to Eq. ͑9͒ until the bubble dome reaches the maximum bubble stability point in the growing thermal boundary layer predicted by Eq. ͑1͒, after which the bubble growth is controlled by this slower diffusion rate of the thermal boundary layer.
As individual bubbles grow, they begin to merge and form a vapor layer. The formation of this vapor layer is influenced by a number of factors including entrainment of vapor within cavities, merging of bubbles, and cancellation of nucleation sites by growing bubbles. All of these factors serve to decrease the number of bubble nucleation sites participating in the growth of the vapor layer at the liquid-solid interface. More details and experimental observations of these factors, including the influence of these parameters in the prediction of the LFP, can be found in ͓3͔.
Influence of Droplet Impact Velocity. The approach for determining the Leidenfrost temperature for impinging droplets is identical to that for sessile droplets with the exception that the impact pressure must be correctly modeled when determining fluid properties at the liquid-solid interface. When a droplet impinges perpendicularly upon a rigid surface, the pressure rise at the liquid-solid interface at the moment of impact is significantly higher than the increase in stagnation pressure, 0.5 f u o 2 , because of compressibility effects. The most frequently used approximations to the pressure increase which develops during droplet impact are based upon one-dimensional elastic impact theory ͓15͔. This theory states that the interfacial pressure increase that results when two elastic media collide, assuming Hooke's law is valid, is given by the solution to the one-dimensional longitudinal wave equation ͓16͔:
where u o is the droplet impact velocity and u snd is the speed of sound in the liquid. Labeish ͓17͔ claimed that Eq. ͑10͒ could be applied to impinging droplets to predict the impact pressure. Engel ͓18͔, however, performed an analysis which accounted for droplet curvature and the transient impact behavior, concluding Eq. ͑10͒ overpredicts the impact pressure and must be multiplied by a correction factor, given as 0.20 for water on various solids including aluminum and copper ͓19͔.
Based upon Engel's findings ͓18,19͔, the following 20 percent elastic impact pressure relation was used in the present study to predict the pressure at the liquid-solid interface during the impact:
Leidenfrost Model Solution Procedure
To perform the LFP model solution procedure for impinging droplets, the pressure increase must first be determined with Eq. ͑11͒ so that fluid properties in the vicinity of the liquid-solid interface can be accurately determined.
Next, the surface cavity activation and bubble growth process must be modeled. To achieve this step, one must understand the thermal processes taking place during the initial impact of the droplet. Upon contact between an impinging droplet and a heated surface, a thermal boundary layer begins to develop in the liquid, as displayed in Fig. 2͑a͒ for a water droplet in contact with a hot surface at 165°C. At some time t o , the thermal boundary layer has grown sufficiently large such that the available superheat, T ash , is equal to the required superheat, T rsh , needed to satisfy the bubble nucleation criterion for conical-shaped cavities with a mouth radius r o , ͑Eq. ͑1͒͒, as shown in Fig. 2͑a͒ . For a polished surface, this radius is typically well within the range of cavity radii available on the surface. As time progresses and thermal boundary layer thickens, all cavities within a specific cavity radius interval are activated. This interval is given by the two roots of Eq. ͑1͒, namely, r min (t) and r max (t), as displayed in Fig. 2͑b͒ , where r max is the radius of the largest activated cavity at a given instant, not the largest cavity on the surface. Similarly, r min is the smallest activated cavity.
Assuming only a fraction, , of the cavities actively participate in the growth of the vapor layer due to the cancellation effects described in the previous section, and that bubbles grow from cavities as hemispheres, the time dependence of the cumulative number of activated cavities per unit area, nc a , can be found by integrating the cavity size distribution, Eq. ͑3͒, over the active cavity radius limits r min (t) and r max (t):
Since the inertia-controlled bubble growth rate predicted by Eq. ͑9͒ is orders of magnitude greater than the thermal boundary layer growth rate, it is assumed all bubbles initiated with r o Ͻr max (t) will rapidly grow to r max (t), the maximum stable hemispherical bubble radius supported by the growing thermal boundary layer. A hemispherical bubble will not be stable for sizes beyond r max (t) as condensation on the leading front of the growing bubble would significantly reduce its growth rate ͓20͔. This is consistent with bubble incipience model of Hsu ͓21͔ and the experimental results of Clark et al. ͓22͔. Consequently, the limiting condition considered here is that once the bubbles reach the thermal boundary layer limit of r max (t) they will continue to grow at the same rate as the thermal boundary layer, i.e., ṙ max (t). This two-stage growth is consistent with the bubble growth findings of Lee and Merte ͓13͔.
Given this bubble growth model, the time-dependent percent area coverage of the liquid-solid interface by vapor, AB%(t), is then given by
which, upon substitution of Eq. ͑12͒, gives
where a 1 and a 2 are experimentally determined constants, such as those given in Eqs. ͑4a͒ through ͑4c͒. Bernardin and Mudawar ͓3͔ used experimental evidence to arrive at a value of 0.05 for the cavity cancellation parameter, . As Bernardin and Mudawar discuss, the present models for surface characterization and bubble nucleation are limited in their degree of accuracy and a more accurate means of determining the percent of actively participating surface cavities, , is currently unavailable and warrants further investigation. Nevertheless, it should be emphasized that while the choice of will influence the vapor layer growth rate, the strong temperature-dependence of the latter, ⌬AB%/⌬t, which is used to identify the LFP in the present model, is still very well preserved.
Shown in Fig. 3͑a͒ is the temperature dependence of the transient vapor layer growth for a sessile water droplet on a polished aluminum surface with a cavity distribution given by Eq. ͑4a͒, as determined in the previous study by Bernardin and Mudawar ͓3͔. The time for complete vapor layer development (AB%ϭ100) is shown to rapidly decrease as the interface temperature is increased from 145 to 185°C. While the model predicts an eventual 100% vapor layer growth for the interface temperature of 145°C, other effects such as bubble departure and liquid motion which are not accounted for in the model, would interrupt this development within a few milliseconds of liquid-solid contact, and hence prevent film boiling from occurring. Figure 3͑b͒ displays the vapor layer growth rate, ⌬AB%/⌬t or average slope of the curves in Fig. 3͑a͒ , as a function of the liquid-solid interface temperature. Figure 3͑b͒ shows that as the interface temperature increases beyond the liquid saturation temperature, the average vapor layer growth rate increases exponentially. Intuition suggests that at some minimum interface temperature, the LFP, the average vapor layer growth rate will become sufficiently high to support film boiling.
To determine the minimum average vapor layer growth rate required to support film boiling, experimental LFP data for sessile water droplets on aluminum were employed ͓2͔. Shown in Fig.  3͑b͒ is the experimentally determined Leidenfrost temperature of 162°C (T s ϭ170°C) for sessile water droplets on aluminum, which corresponds to an average vapor layer growth rate of 0.05 s
Ϫ1
. Note that the experimentally measured Leidenfrost temperature had an uncertainty of Ϯ5°C ͓2͔. Bernardin and Mudawar ͓3͔ employed this value of the average vapor layer growth rate to accurately identify the LFP for a sessile drop in a variety of liquidsolid systems. This same technique, as described by Carey ͓12͔, has been used to determine the critical vapor bubble formation rate needed to sustain homogeneous nucleation within a superheated liquid. In the homogeneous nucleation superheat limit model, the vapor bubble formation rate increases exponentially with increasing liquid temperature, much like the vapor blanket growth rate in the present study. Carey explains how empirical data were used to determine a critical vapor bubble formation rate, and how this single bubble formation rate was used to determine the homogeneous nucleation superheat limit of several different liquids including water.
Consequently, this average vapor growth rate of 0.05 s
is used in the present study to identify the LFP for impinging droplets. While this modeling process was presented for a single impinging droplet, it can also be used to predict the LFP for a spray. To predict the local LFP for a spray, the mean droplet velocity of the spray in the area of interest should be used in Eq. ͑11͒ to determine the average droplet impact pressure. The remaining modeling procedure is identical to that outlined above for a single droplet. Figure 4͑a͒ displays the average vapor layer growth rate versus interface temperature for water droplets impinging at different velocities upon a polished aluminum surface. For the four different droplet velocities, the fluid properties were evaluated with the 20% elastic impact pressure relation given by Eq. ͑11͒. Using an average vapor layer growth rate of 0.05 s
Leidenfrost Model Assessment

Ϫ1
, the Leidenfrost temperatures corresponding to the various droplet velocities were determined. The following expression relating the Leidenfrost temperature to the water droplet velocity was determined from the data in Fig. 4͑a͒ :
where the units on u o are m s
. Equation ͑15͒ is displayed in Fig.  4͑b͒ , and is labeled with ''20 percent Elastic Impact Pressure Model,'' indicating that Eq. ͑11͒ was used in its development. Also displayed in Fig. 4͑b͒ are the LFP predictions that would be obtained if the full elastic or stagnation impact pressure submodels were used in place of Eq. ͑11͒ to determine the fluid properties. While Eq. ͑15͒, and the LFP model for that matter, does not explicitly give an upper temperature bound for the LFP, a maximum temperature limit does exist. The maximum temperature that a liquid can be heated to, above which it is nearly instantaneously converted to vapor, is referred to as the kinetic or thermodynamic superheat limit. Techniques for predicting this superheat limit can be found in ͓12͔. Further details on the superheat limit for water and its relationship to the present LFP model can be found in ͓3͔.
To assess the accuracy of the LFP model for impinging droplets, experimental LFP data for single water droplet streams and sprays are included in Fig. 4͑b͒ . The shaded band representing the empirical LFP spray correlation of Klinzing et al. ͓23͔ covers the range of volumetric spray fluxes (0.00058ϽQЉ Ͻ0.00298 m 3 s Ϫ1 m Ϫ2 ) used in that study. Although the experimental data used in the comparison correspond to different surface material types, the surface preparation for each was similar. Thus, the cavity size distributions and Leidenfrost temperatures for the various surface materials are expected to be fairly similar, as was found previously by Bernardin and Mudawar ͓3͔ for polished aluminum, nickel, and silver surfaces. The comparison in Fig. 4͑b͒ indicates that the LFP models generated with either the full elastic impact or the stagnation impact pressure sub-models, yield significant deviations between the predictions and the empirical data. In contrast, the LFP model that used the 20 percent elastic impact pressure sub-model, agrees quite well with the experimental data. In most cases, the model lies within the experimental data's error bands of Ϯ10°C in temperature and Ϯ0.5 m/s in droplet velocity. In addition, the impinging water drop LFP model given by Eq. ͑15͒, predicts a Leidenfrost temperature of 162.0°C for a sessile water drop (u o ϭ0.0 m s Ϫ1 ), which is in agreement with the sessile drop LFP model prediction ͓3͔ and the experimentally measured value ͓2͔ for water on polished aluminum.
Differences between the LFP model predictions and experimental Leidenfrost temperature data may be attributed to a number of factors. First, the surface cavity size distribution, nc, and cavity cancellation parameter, , used to arrive at Eq. ͑15͒, were taken from a study of water droplets on a polished aluminum surface ͓3͔, whereas the experimental LFP data of Fig. 4 came from studies using a variety of polished metal surfaces. A more accurate determination of Eq. ͑15͒ using a cavity size distribution for each particular surface may yield better agreement between the Leidenfrost temperature predictions and measurements. Further investigation of the cavity cancellation parameter is also warranted, as its value is dependent on the droplet fluid properties and solid surface finish ͓3͔.
The 20 percent elastic impact model may be a source of some uncertainty as well. This model, represented by Eq. ͑11͒, does not account for break-up of the impacting droplet and its subsequent influence on the impact pressure. The stability of the spreading droplet film has been observed in numerous empirical studies to be a function of, in part, droplet velocity and surface roughness, as summarized in ͓24͔. Hence, by more accurately accounting for the effects of droplet velocity and surface roughness on the impact pressure, a better prediction of the Leidenfrost temperature of impinging drops may be obtained.
While some uncertainties do exist in the development of the present LFP model, Eq. ͑15͒ and Fig. 4͑b͒ reveal the dependence of the LFP on droplet velocity, something that previous LFP models have failed to accomplish ͓2͔. As Fig. 4͑b͒ indicates, the Leidenfrost temperature for an impinging droplet or spray can be significantly higher than that predicted for a sessile droplet. Consequently, the present LFP model should prove beneficial in predicting and controlling the spray heat transfer process encountered in materials processing and other applications.
Application to Rough Surfaces. While the present model was developed for polished surfaces, it also provides a limiting condition for surfaces possessing roughness features orders of magnitude larger than the cavity radii responsible for bubble nucleation ͑0.1 to 1 m͒. As discussed earlier, surface contamination and roughness promotes and enhances the shattering of droplets upon impact ͓24͔. Consequently, rough surfaces would expect to have a lower interfacial impact pressure and a corresponding lower Leidenfrost temperature when compared to a polished surface. Figure 5 shows experimentally measured Leidenfrost temperatures for water droplets of different velocities, impinging upon polished and particle blasted surfaces. For each droplet velocity studied, the Leidenfrost temperature for the polished surface was consistently higher than that for the particle blasted surface. In addition, the measured Leidenfrost temperature for the particle blasted surface, for the most part, was lower than the LFP model prediction. Consequently, the LFP model outlined in this study appears to predict an upper limit to the Leidenfrost temperature for droplets impinging upon rough surfaces. The complex relationship between surface roughness, droplet impact stability, 
